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An electrode apparatus adapted for use in electrochemical systems (10) having an anode compartment (20) and a ca- 
thode compartment (18) in which gas and ions are produced and consumed in the compartments during generation of 
electrical current The electrode apparatus includes a membrane (22) for separating the anode compartment from the ca- 
thode compartment wherein the membrane (22) is permeable to both ions and gas. The cathode (24) and anode (26) for the 
assembly are provided on opposite sides of the membrane (22). During use of the membrane- electrode apparatus in elec- 
trochemical cells, the gas and ions generated at the cathode (24) or anode (26) migrate through the membrane (22) to pro- 
vide efficient transfer of gas and ions between the anode compartment (20) and cathode compartment (18). 
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Gas -permeable and ion-permeable membrane for 
electrochemical system. 

This invention was made with United States Government 
support under Contract No. EG-77-C-01-4 042 awarded by the 
Department of Energy. The U.S. Government has certain 
rights in this invention. 

BACKGROUND OF THE INVENTION 
1 ■ Field of the Invention 

The present invention relates generally to batteries 
and systems which convert chemical energy into electrical 
energy by use of a continuous concentration 
electrochemical cell. More specifically, the present 
invention relates to an improved gas-permeable electrode 
for use in such systems. 

2 • Description of the Background Art 

U.S. Patent No. 3,231,426, issued January 25, 1966, 
discloses a continuous concentration cell in which a 
voltage is obtained and an electric current is generated 
between a cathode immersed in concentrated sulfuric acid 
and an anode immersed in dilute sulfuric acid. The 
reaction cycle which is set up between the electrodes is: 
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-2e + 2H + + 1/20. 



p2e + 2H- + l/20 2 ^h 2 0 (cathode) 

(external circuit) | 
Ue" + 2H + + i/20 2 - H ]o (anode) 

During operation of the cell, the concentrated 
sulfuric acid solution is diluted by water generated at 
the cathode, while the dilute sulfuric acid solution 
becomes more concentrated due to the generation of acid a^- 
the anode. The difference in acid concentration between * 
the two solutions must be maintained in order to provide 
continuous generation of electrical energy. rhe syste. 
disclosed an U.S. Patent No. 3.231,426 maintains the ac<d 
concentration gradient by heating the concentrated acid' 
solution to distill off water generated at the cathode. 
The water which is continuously distilled from the 
concentrated acid solution is cycled to the dilute acid 
solution to continually provide dilution of the acid whic» 

of IZTV" an ° de - C ° nti — s concentration cells' 

of the type described above utilize porous electronical l v 
non-conducting beds or barriers between the electrodes" " 
which typically are made from felted asbestos fibers, 
glass fibers or ceramic compositions such as alumina, 
zirconium oxide, ion exchange membranes, or porous 
orgamcs, such as polypropylene or cellulose 

Another type of thermoelectrochemical system has be-p 
developed which functions as a low-temoerature power 

Z2T " WhiCh ^ eleCtrochemi -l cell reactants are 
thermally regenerated at a temperature below about 250<>c 
This type of thermoelectrochemical system basically 
xncludes an electrochemical cell having a cathode 
compartment and an anode compartment. The two 
compartments have a common ion permeable seoaration waH 
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which allows ions to pass between the two compartments but 
prevents the passage of gas. A hydrogen ion reacting 
cathode and a hydrogen ion reacting anode are located 
within their respective compartments with the cathode and 
anode being connectable externally from the system for 
generation of an electrical voltage and current between 
the electrodes. 

A cathode fluid comprising a chosen Bronsted acid ic 
. typically located in the cathode compartment and ^ n 

contact with the cathode. During one method of OD erat<o- 
of the system, hydrogen gas is generated or collected at 
the cathode and the acid is consumed. The system furthe- 
mcludes an anode fluid comprising a chosen Bronsted base 
whxch is located in the anode compartment and in contact 
with the anode. During one method of operation of the 
system, a cation of the base is generated and the base a-d 
hydrogen gas are consumed at the anode. At least one o-" 
the components, i.e., acid or base, comprises an organic 
material. 

Because of the gas-impermeability of the ion-oermeab- 
separation wall, any hydrogen gas generated at the cathod= 
during operation of the system is transferred externally " 
to the anode compartment for consumption at the anode 
during generation of the electrical current. In addition 
during operation of the system, the anions of the acid 
and/or the cations of the base migrate through the ion 
permeable separation wall into the anode or cathod* 
compartment, respectively, where they combine with the 
cation of the base or the anion of the acid to form the 
corresponding salt. A feature of this system is that the 
salt is capable of being thermally decomposed at a 
temperature below about 250*0 to directly form the acid 
and base as two decomposition products. These oroducts 
can be separated to regenerate the acid and base 
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A thermal regenerator is provided in these systems fo* 
thermally converting the salt directly to the acid ard 
base starting materials, at a temperature below about 
250»c. Means for transferring the salt from the anode 
and/or cathode compartment to the thermal regenerator are 
also provided. Anode recycle means are provided for 
transferring the base formed in the thermal regenerator 
back to the anode compartment to replenish the base 
consumed during operation of the system. Cathode recycle 
means are also provided for transferring the acid formed" 
in the thermal regenerator back to the cathode comoartment 
to replenish the acid consumed during operation of' the 
system. 

The above-described systems are particularly useful 
because their relatively low operating temoeratures (i . 
below 250OO allow them to be used in recovering waste" ' 
neat in the form of electric power from internal 
combustion engines, industrial processes, and the like 
They can also be used to convert heat from other source 
such as solar energy, fossil or nuclear fuel, oil we" 
heads or other geothermal heat sources. 

An important consideration in thermoelectrocheur cai 
systems, as well as electrochemical systems, in general, 
is the overall efficiency of the system and the useful 
life. it ls therefore desirable to continually search for 
improvements to such systems in which the performance, 
efrxcxency and life of the system are maximized. 

SUMMARY OF THE INVENTION 

in accordance with the present invention, a means is 
provided for improving the performance, reliability, and 
efficiency of electrochemical systems by reducing the 
complexity and internal electrical resistance of such 
systems. 
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The present invention involves the discovery that 
suitable reparation walls between the cathode and anode 
compartments can be made which are permeable to both ions 
and gas. The provision of a gas-permeable and 
ion-permeable separation wall or membrane eliminates the 
need for externally transferring gases between the two 
compartments. This elimination of external gas transfer 
in accordance with the present invention reduces the 
internal resistance of the system and increases the 
efficiency of electrical and gas transfer between the 
anode and cathode compartments. 

The present invention is based on an electrode 
apparatus which is adapted for use in electrochemical 
systems having anode and cathode compartments wherein th° 
apparatus includes an anode and cathode between which «s 
located a membrane having a cathode side and an anode s<ce 
and wherein the membrane includes both ' ion-oermeable and 
gas-permeable regions to provide transfer of ions and gas 
between the cathode and anode. 

The electrode apparatus of the present invention has 
application to any electrochemical system in which gas 
must be passed between the anode and cathode and may be 
used m place of existing membrane barriers or ether 
barriers designed to provide selective passage of ions 
between anodes and cathodes. The invention is esoecial^v 
well suited for use in the continuous concentration 
systems or acid/base systems described above. 

The electrode apparatus of the present invention <s 
based upon the use of an ion-permeable and gas-oermeable 
membrane as the separator wall or barrier between the 
anode and cathode compartments of an electrochemical 
cell, it is preferred that the cathode and anode be 
Placed as close to the membrane separator wall as possible 
m order to reduce the internal resistance of the ceU c<~e 
to ion migration through the electrolyte solutions and to 
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reduce the distance that gas must move from its reaction 
site to or from the gas passage pores in the membrane As 
a particular feature of the present invention, the anode 
and- cathode are provided as porous coatings or thin layers 
contacting opposite sides of a gas- and ion-oermeable 
membrane. This reduces the internal resistance of t*e 
cell because the ions and gas generated at the electrodes 
do not have to travel through any extensive distance in 
the liquid phase to reach the opposite electrode 

These and many other features and attendant advantages 
of the present invention will become aooarent as the 
invention becomes better understood by reference to the 
following detailed description when considered in 
conjunction with the accompanying drawings. 

BRIEF DESCRIPTION OF THE DRAWINGS 

th. r FIG ; 1 13 3 SCheraatiG re P"sentation of an exemolary 
thermoelectrochemical system utilizing the present ' 
invention. 

FIG. 2 is a cross-sectional representation of a 
preferred electrode apparatus in accordance with the 
present invention. 

FIG. 3 is a cross-sectional representation of an 

ziTsi r eferred eiectrode apparatus in aCCOrd — ^th 

^ne present invention. 



DETAILED DESCRIPTION np t h2 IMVEMTTn> , 
An exemplary system in which the gas-permeable and 

nil " 10 an " S themal generator 12. 

not Unutea to a thermoeleotrochemica! system, but may 
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be used in any electrochemical system as generally 
indicated at 10 in FIG. 1. 

The electrochemical cell 10 includes a cathode 
compartment 18 and an anode compartment 20. The cathode 
and anode compartments 18 and 20 are separated by a 
preferred exemplary electrode apparatus as shown generally 
at 21. The electrode apparatus 21 includes a central 
membrane 22 which is permeable to both gas and ions. The 
membrane 22 is located between and in contact with an 
anode 26 and a cathode 24. 

The requirements for membrane 22 are that it must be a 
permeable membrane or barrier which allows cation and/or 
anion exchange (i.e., a cation-exchange membrane, an 
anion-exchange membrane or a microporous membrane for 
cation and anion exchange), while at the same time 
allowing gas transfer. The choice of the ion selectivity 
of the membrane depends on the particular electrochemical 
cell reaction of interest, in accordance with the present 
invention, gas- and ion-permeable regions coexist in the 
membrane. The permeability of these regions deoends or 
the diameter of the "pores" in these regions and the 
degree of hydrophobicity of the walls of the pores, in 
addition, the cell liquids in the anode and cathode 
compartments must have sufficiently high surface tensions 
so that the hydrophobic material is not wetted by the 
liquids. Organic systems containing enough water or oth«- 
•high surface tension solvent to give surface tensions in 
excess of about 35 dynes per centimeter have been found to 
be suitable. Thus, in accordance with the oresent 
invention, high surface tension liquids are" excluded from 
the small pores of the membrane. Consequently, liquid 
ionic solutions will not pass through the small pores 
whereas gas is able to pass through the small pores. As 
the pore Slze is increased, the hydrophobicity of the 
walls exerts less effect, and the liquid ionic solutions 
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can pass through the larger pores. While it is 
advantageous to have both hydrophobic and hydrophilio 
regrons in close proximity in the membrane, a ourely 
hydrophobic materia! oan he used if it has a sufficient 
distrrbutxon or dispersion in the diameters of its pores 

a small hT^ ^ **" "* *"eas 
a small hydrophobic pore win exclude liquid 

Suitable membranes or barriers which provide the 
desired ron- and gas-permeability can be made in a number 
of different ways. For example, a mesh, cloth, oacer 
porous fixm or felt of gas-permeable hydrophobics ria-s 
havrng open.ngs or pores of varying sire can be used to 

sine H 8 - b " CieC " heCeln ? " iS »-=Po»ed through the 
smaller drameter pores or passages in the fiber mesh 

t IT' h f9lt " POr ° US £il " - tte « "owed 

Paper, felt, or porous film. Suitable materials for 

rr suoh a raesh - cioth - »««- «>-. 

rnclude non-conducting carbon fiber, expanded teflon or 

ethylene manufactured by E.I. DuPont de Hanour , 
Wxlmrngton belaware.) The term "porous teflon- as used 
herern „ tended to inciude "expanded tefion,- as is 
taown an the art. The selected material should have a 

ererreTT ™ ^ ^ " ^-meters be „ 
preferred. For example, when using exoanded teflon the 
preferred pore sire is within the range of about TJT 

ric ^ " iocometers ' 

the mesh can be v, !• ° f ^ openings through 

„,„ „ . . acled de pending upon the particular 

""' * ~ — of gas or 
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L fibers or matrices, impregnated with an ion-exchange 

membrane material. Examples of the latter are specified 
below. Suitable matrices or fibers include electronical v 
non-conducting carbon fiber, and expanded teflon or porou= 
polypropylene matrices. In such a membrane, the gas 
passes through the fiber or matrix while the ions oass 
through the ion-exchange regions. 

Suitable membranes can also be made by treating 
gas-permeable membranes so as to provide regions within 
these otherwise ion- impermeable membranes through which 
ions can be transported. For example, hydroohobic 
polypropylene, such as that marketed by Celanese Co-p 
(Charlotte, North Carolina) as Celgard 2500, can be 
treated with drops of a solution of a cation or anion 
exchange membrane material which, when cured, orovides 
ion-permeable regions at selected spaced locations in the 
otherwise ion-impermeable material. Solutions of such <Or 
exchange membrane materials are available commercially " ' 
for example, from Solution Technology, inc. of Mendenhall, 
Pennsylvania. An exemplary material is Nafion. Nafion <s 
• trademark of E.I. DuPont de Nemours of Wilmington, 

TluZZ*: T t P ° lymer ° f - Dol ^ et ""-roethylene with 
fluonnated ether side chains terminated with sulfonic 
acid groups. Another exemplary material is an 
alkali-resistant copolymer of vinyl chloride and 
acrylonitrile with quaternary nitrogen groups, available 
■from Ionics, Inc. of Watertown, Massachusetts. The 
preferred procedures for preparing the c as - and im- 
permeable membranes are discussed in detail below. T n 
addition to polypropylene, other membrane materials can b* 
used such as microporous polytetcaf luoroethylene ( D TFE) 
Other suitable membranes for practicing the present' 

with hydrophilic surfactants so as to provide ion- 
permeable regions within these otherwise gas-permeable 
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(ion-impermeable) membranes. For example, hydrophobic 
polypropylene, such as that marketed by Celahese Corp 
(Charlotte, North Carolina) as Celgard 2400, can also be 
made hydrophilic by treatment with a surfactant, and this 
product is sold as Celgard 3400. By surfactant treatment 
at selected spaced locations in the otherwise ion- 
impermeable material, both liquid and gas can be 
transported through the modified membrane. 

As yet another alternative, suitable membranes fo- 
practicing the present invention may be made by Brooding 
openings or holes in an ion exchange membrane such that 
gas but not ions can pass through the holes. The size and 
distribution of the holes can be determined for each 
particular electrochemical system used. Optionally, the 
membrane may be provided as a porous woven material, sue* 
as porous woven Nafion, obtained from E.I. DuPont of 
Wilmington, Delaware, and the gas passes through the 
openings in the woven material. 

The membrane 22 is preferably as thin as possible 
without jeopardizing the structural integrity of the 
membrane. Membrane thicknesses on the order of about l to 
10 mils (0.025 to 0.25 mm) have been found satisfactory 
and thicknesses of less than 5 mils (0.125 mm) are 
desirable. 

The relative size of the areas of gas permeability w 
ion permeability in the membrane along with resoective 
permeabilities can be varied to suit the oarticular 
electrochemical cell and the required ion" and gas 
transport. The degree of either gas or ion transport must 

throu T ^ aV ° id largS -"^-resistance (IR) droos 
through the membrane or significant concentration 
polarization in either the anode or cathode comoartment. 

Both the cathode 24 and the anode 26 are hydrogen 
electrodes (i.e., electrodes which react with hydrogen gas 
or hydrogen ions) and are porous to allow the passage of 
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gas and ions through the electrode. One type of hydrogen 
. electrode comprises a platinized porous caifbon - teflon 
fuel cell electrode and is known in the art and 
cornmercially available. Another type of hydrogen 
electrode comprises a fine-mesh screen of tantalum, 
stainless steel, or other non-corrosive metal covered with 
platinum black. Still another type of hydrogen electrode 
is referred to as a solid polymer electrolyte (SPE) 
electrode and comprises a structure in which 
electrocatalyst is bonded directly to both sides of a 
solid polymer ionomer membrane to form the cathode and 
anode. In one method of construction of an SPE electrode, 
the catalyst in the form of a fine powder is mixed with 
teflon emulsion solution and sintered at about 345°c. 
The sintered teflon-bonded catalyst is then bonded to the 
SPE membrane at elevated temperature and under pressure. 
Another SPE electrode construction comprises the sinter inc 
of a porous electrode using material made from carbon or 
graphite powder and PTFE mixed with a platinum catalyst or 
PTFE alone mixed with a platinum catalyst. This oorous 
electrode material is preferably placed in direct'contact 
wxth the membrane so that the membrane 22 is sandwiched 
between the two electrodes 24 and 26. This electrode 
material can also be bonded to both sides of the membrane 
with heat and pressure and/or glued to the membrane usina 
ion exchange solutions, such as from Solution Technology' 
.Inc., or prepared by known processes, such as described by 
Moore and Martin in Analytical Chemistry . Vol. 58, 1986, 
pages 2569-2570. In accordance with the present 
invention, the porosity of the electrode material must be 
sufficient to allow transport of ions and gas while still 
providing the desired cathode or anode functions, since 
the electrode is depolarized both from the back (solution 
side) and from the front (membrane side), the electrode 
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1 must be thin enough so this dual polarization can be kept 
, a minimum. A thickness of less than 20 mils (0.5 mm) 
ij desirable. 

The hydrogen gas necessary for operation of the 
5 hydrogen electrode is introduced into the electrode 

apparatus 21 from hydrogen reservoir .25 by way of control 
valve 27 and transfer line 29. Generally, once the 
membrane 22 is saturated with gas, no additional gas need 
be supplied except that which is needed to replace gas 
10 which escapes from the structure. This amount is quite 
small and can be made up by separating escaped gas "from 
the liquid streams. In an optimized system this amount 
should be zero. 

Referring again to the overall system of FIG. 1, the 
15 cathode compartment 18 includes a cathode fluid which is 
in contact with cathode 24. In a preferred 
thermoelectrochemical system, the cathode fluid is 
typically a Bronsted acid, i.e., a proton donor. The acid 
is chosen so that the anion of the acid combines with the 
cation of the base to form a salt which can be thermally 
decomposed at a temperature below about 250 °C to 
directly form the acid and base as two decomposition 
products which can be separated to regenerate the acid and 
base starting materials for the electrochemical cell 
25 reaction. 

The cell reaction of the acid at the cathode 24 
shown in Equation (l) below, where hydrogen gas is 
generated or collected and acid is consumed at the 
cathode. The anion of the acid may have a valence other 
than that indicated in Equation (1). 

X~ + H + + e~ — - ► i/2H 2 + X~ {1) 
where X~ = anion of acid 



20 
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Acids which are used in this particular system include 
inorganic acids such as concentrated hydrochloric acid or 
phosphoric acid and organic acids such as methylsulf onic 
acid, trifluoromethylsulfonic acid, acetic acid, benzoic 
acid, and the borate ester formed by condensation of boric 
acid with ethylene glycol. A solvent may optionally be 
used with the acid. 

An anode fluid is located in the anode . compartment 20 
for contact with anode 26. The anode fluid for a 
preferred thermoelectrochemical system is typically a 
Bronsted base, i.e., a proton acceptor. The base is 
chosen so that the cation of the base combines with the 
anion of the acid to form a salt which can be thermally 
decomposed at a temperature below about 250°C to form 
two separable decomposition products and regenerate the 
acid and base, as previously discussed. The cell reaction 
of the base at a hydrogen anode is shown in Equation (2) 
below. 



X~ + 1/2H 2 + B ► BH + + e~ + X" (2 ) 

where X~ = anion of acid 
B = base 

Thus, during the cell reaction, a cation of the base 
is generated and hydrogen is consumed at the anode. Bases 
which may be used in this particular system include 
inorganic bases such as ammonia or phosphine, and organic 
bases such as pyridine, aniline, triethanolamine, 
monoethanol amine, or diethylamine . A solvent may 
30 optionally be used with the base. Typically, either the 
acid or the base or both comprise an organic material. 

As shown in FIG. l, the electrodes 24 and 26 are 
connected to an external circuit schematically shown as 28 
for generating an electrical current and voltage. The 
external circuit 28 can include electric motors or other 
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systems for utilizing the electric energy generated by 
cell 10, or batteries or other suitable systems for 
storing the electric energy generated by cell 10. 

In order to continually regenerate the acid and base 
consumed during operation of cell 10, the salt formed by 
the combination of the cation of the base and the anion of 
the acid is thermally decomposed. To accomplish th<s 
decomposition and regeneration, the electrolyte containing 
the salt is removed from the cell 10 and transferred to 
the thermal regenerator 12. if the salt is formed in the 
anode compartment 20, the anode solution is transferred *to 
the thermal regenerator 12. If the salt is f 
cathode compartment 18, the cathode solutib is 
transferred to the thermal regenerator 12. if the salt «, 
formed in both the anode and cathode compartments (20 * 

to ^h th6 1 Cath0de 3nd anode "l«io», are transferred 
to the thermal regenerator 12. - For the sake of 

ZTT*' 1 Sh ° WS ° nly ° ne alt6Cna tive ' that in 

which the salt is formed in the cathode compartment 18, 

the oth T*" ^ readUy m0dified t0 -commodate 

the other alternatives mentioned. 

in Fig. 1# the cathQde solut . on is continual 
from the cell via line 30 and transferred to the thermal 
regenerator 12 utilizing pump 32 or other liguid transfer 
« device. The cathode solution transferred inline 30 

contains the salt in a solvent in the same concentration 
as present m the cathode compartment 20. i B the thecal 
cegene rator 12 , the transferred ^ 

to a temperature below about 250-c to thermally 
decompose the salt BH + X~ to form the acid and base, as 
shown m Equation (3) below. 

BH + X~ ► B + H + X~ , , 

(3) 



2.0 



35 



where B = base 

X = anion of acid 
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The acid and base must be capable of being separated 

not th T T ° C 15 V ° latile «- other is 

not th the volatile component may be condensed and 

oTZVoV 116 C3th0de C ° mpa — 18 if ^ - the acid 
or the anode compartment 20 if it is the base 

As shown in FIG. l, the vol.til. base flows out of 
thecal regenerator i 2 into line 34 where it is cooled and 
condensed in a condense, 33 to a temperature of bo t o To 
heat', Th % COndenSer 38 typically uses water or air 

thro IT meanS - ^ CO ° led base is then concuc ed 
through line 36 into the anode compartment 20 to rLi eris h 
the base therein Tho i- replenish 

the tharJ, ^ aCid COm - Donen t remaining «„ 

tne tnermal reqenerat-nr n ^ y 

throuah n«« 6r heatln ? is conducted out 

through line 40, and optionally through cooler 42 and il 

thteT "I T Cath ° de COmPa — t0 -plenL! ^he ac d 
"I thLa ° e ~ r h :r- n0t * bating in 

component. " " "'"^ ^ ^th the acid 

srs^rLr- inciude - - - - - 

a- Pyridine - methyl sulfonic acid 

b. Pyridine - hydrochloric acid 

c Pyridine - phosphoric acid 

d. Pyridine - trif luoromethylsulf onic ac^d 

e- Acetic acid - triethanol amine 

f • Acetic acid - monoethanol amine 

9. Acetic acid - diethvi amine 

h- Acetic acid - pyridine 

i. Benzoic acid - ammonia 

j. Aniline - hydrochloric acid 

k. Ammonia - borate e^or r„ j 

6 ester [condensation oroduct o* 
boric acid and ethylene glycol] 
1. Lactic acid - diethylamine 
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An exemplary electrode apparatus in accordance with 
•• the present invention is shown generally at 50 in FIG 2 
The apparatus 50 includes a central membrane 52 which can 
be made from electronically non-conductive carbon felt 
whxch is available from Fiber Materials, Inc. (Biddeford, 
Maane). The carbon felt which functions as membrane 52 is 
a very fine mesh felt material, it is believed that eras 
passes through or along the carbon fibers, to provide "gas 
permeable regions in membrane 52. The openings between 
the fxbers of the carbon felt are filled with a cation 
exchange material such as Nafion, for example, by adding 
the felt to a 5% solution of Nafion and boiling the 
solution to dryness. The Nafion regions in the felt 
function as the ion permeable regions when the membrane <s 
saturated wxth solution during use as electrode apparatus 
21 xn an electrochemical cell such as 10 shown in'piG l 
The composite carbon felt-Naf ion membrane may be ' ' 

vxsualized as a Nafion membrane having carbon fibers 
extendxng from one edge of the membrane to the other 
Anode means are provided on a first side of 

ell"^ " ; ^ ^ inClUd6S 3 ^ of oorous 

tlZZ l 7 ^ C ° mpcisin * * carbon-teflon mixture 

xmpregnated wxth approximately 0.25 mg/cm* of platinum. 
Other porous hydrogen electrode materials can be utilized 
P ovx ed they have sufficient porosity to allow 
of gas and xons through the anode while providing desired 
hydros electrode characteristics. The porous Lye ! 
can be prepared, for example, by separating the catalyst 
layer from tne hydrophobic backing of a fuel cell 
electrode manufactured by Energy Research Company 
(Danbury, Connecticut). This separated catalyst layer is 
then passed against the first side of membrane 52 

Pla int bia^' 0 "" eleCtr ° de ^ ^ f ° rmed b * -Po-itin* 
Platxnum black on a fine metal screen. 
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1 Current collector means for collecting current from 

the anode porous layer 54 are provided by, for example, a 
layer of electronically conductive graphite felt 56 and/o: 
gold plated fifty mesh screen 58 forined of tantalum, 
5 stainless steel, or other non-corrosive metal. The 

graphite felt layer 56 may be type VDG which is available 
from Union Carbide Company, New York, New York. Cathode 
means are provided on the second side of membrane 52. Ths 
cathode means includes the same layers as the anode 
) means. These layers include porous electrode material 
layer 60, conductive carbon felt layer 62 and current 
collector screen 64. The electrode apparatus shown in 
FIG. 2 was tested as described in Example l herein. 

A second exemplary electrode apparatus in accordance 
with the present invention is shown generally at 70 in 
FIG. 3. The apparatus 70 is the same as apparatus 50 in 
FIG. 2 in that it includes a central gas- and ion- 
permeable membrane 72, porous anode layer 74, porous 
cathode layer 76 and current collectors 78 and 80. in 
this embodiment, the membrane 72 is constructed by placing 
small (l mm) drops of five percent Nafion solution ' 
(obtained from Solution Technology inc., Mendenhall, 
Pennsylvania) onto selected regions of a piece of 
hydrophobic microporous polypropylene (Celgard 2500, from 
Celanese Corp., Charlotte, Korth Carolina). The membrane 
is air dried and then cured at 120°C for ten minutes. 
.The Nafion solution produces regions permeable to cations 
as represented schematically at 82, with the remaining 
gas-permeable, ion-impermeable regions of the hydrophobic 
microporous polypropylene being represented at 84. The 
porous electrode layers 74 and 76 can be made from the 
same material as in apparatus 50 of FIG. 2 and the current 
collectors 78 and 80 can be provided by graphite felt, for 
example. The electrode apparatus 70 was tested as 
described in Example 2 herein. 



L5 
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wither 6XemPlary el6Ctr0de aPPaCatUS in a ^ordance 
with the present invention may be prepared by taking two 
pxeces of porous (expanded) PTFE backed fuel cell 
electrodes from Energy Research Company and modifying 
these electrodes by coating the PTFE backing with five 
percent Nafion solution. The Nafion solution partial y 

t;r h6 PTFE to provide areas of ion permeabilitv 
"JIJ^ 156 lon - im P— able PTFE layer. The two " 



» contact. The assembly is cured ,t 120-c for one-half 
-our to coca the two pieces together. The resulting 

r.„i J electrodes; <b, adjacent 

regrons of porous teflon containing islands of Nafion- a-d 
<c> a central region containing islands of Kafion 
Alternately, a H.f ion- imp regn.ted teflon oolite ra av 
^ Pressed Hl«t ^el cell electrodes The 
dissolvi'LTr imPre9na " d " the Hafion by 

this so uti» T ln k dimeth ^ and drawing 

thrs solution into the teflon. The vacuum treatmen- i, 
continued until an of the vnso evaporates Aftr th 

carbon into the external pores M o „ ^area 

• surf,,^ - • . ( ,e - ^res at or near the 

surface) or both sidpc nf . 

, nn ,. t Sldes of the memorane composite and 

sottions ' ele ° tCOdeS " ^ »™ usingtf ion 

IkTsI 7 talU " SCreeDS " MCH «" in the 

hydrogen IT"' * k^" 9 '" " ani£ ° ld '« introducing 
bo„d°r. 9 n lnt ° ~ b,: ™ »« Pteoared by 

TsTe2l "°"; COndU « ire tube to one edge of the 
assembly. RTV 3U5 ^ ^ 



WO 89/06055 



PCT/US88/02062 



19 



10 



Michigan) can be used to seal the remaining three edges of 
the assembly. This assembly and an alternative thereof 
were tested as described in Examples 3 and 4 herein. 

A fourth exemplary electrode apparatus in accordance 
with the present invention may be prepared using a 
commercially available porous ion-permeable membrane, such 
as porous Nafior., as the separation membrane and Dressing 
commercially available fuel cell electrodes against the 
membrane. The gas passes through the oores in. the 
membrane, while the ions pass through the membrane 
itself. This type of electrode apparatus was tested as 
described in Example 5. 

EXAMPLE 1 

This example illustrates the testing of the electrode 
apparatus shown in FIG. 2, using a composite carbon 
felt-Nafion membrane. The electrode apparatus was 
constructed as previously described herein, m the first 
test described below, methylsulf onic acid was used as the 
cell fluid on both sides of the membrane. The ouroose o* 
this initial test was to prove that both gas and ions can 
be efficiently transported across the membrane, in the 
second test described below, other system fluids were used 
to provide improved efficiency in the passage of ions (or 
current) and gas. 

The electrode apparatus shown in FIG. 2 was tested by 
version in a mixture of three moles water to one moi e 
methyl sulfonic acid (CHgSOgH) . a hypodermic needle 
was inserted into the membrane 52 to supply hydrogen 
thereto from a hydrogen gas cylinder. When current was 
applied to the assembly 50, hydrogen was produced at the 
cathode layer 60. This hydrogen is expected to diffuse 
through the membrane 52 and be consumed at the anode 
layer 54. Simultaneously, pro tons diffuse through 
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I membrane 52 £co „, the anode M ^ ^ ^^^^ so 

Polarisation measurements were taken with a Model 3 S3 

« tests are considered to oe a oood 

SilZ/LZlTT aPP "" US " current wnen 

in: f „cien : c ;;::r rr se r ths " sis — « 
■ rr . - tesusr;: e ^j; :i:i:r:; s :r- is 

conducted at room temperature were as follows 

Current Dens itj; [maWl p..,,, .. 

~T ' Polarization 

2.0 7 

20.0 74 

580 

external source. electrode from an 

«« were used as^ ^ d "'r,^^^ 

-node compel 1 — - 

of 2-0-1 o-2 o m mo a ^ ln ed an acidic mixture consist inc 
• w --l.u.2.o mole parts LA-dfa.u ^ - , - 

~: war^in'r^t .? 

— U counted J.^ ctcTi b er 
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passages when the cell is filled with liquid acid and 
base. Tests were started at 74°C. The open circuit 
voltage was 0.29 volts. The short-circuited current 
decreased from 1.5 ma/cm 2 to 0.2 ma/cm 2 after 
60 minutes. At room temperature, currents of 0 . 2 ma/cm 2 
could also be sustained. 

It appears that these results were due to hydrogen 
dissolved in the cell fluids acting as a hydrogen source 
to the anode rather than due to the diffusion of hydrogen 
through the membrane from the cathode to the anode. In 
addition, the lack of temperature dependence in the 
experiments on the composite carbon-Naf ion membrane 
suggests that gas solubility and diffusion are 
rate-controlling. From these results, it appears that th- 
composite carbon-Naf ion membrane was not capable of 
passing hydrogen gas at the fluxes required to orovide an 
operable system. 

For purposes of comparison, the carbon felt described 
above was tested without the addition of Nafion. it was 
found that in a cell using this structure as the 
separation membrane, currents could be maintained only so 
long as external hydrogen was pumped in. Thus, this 
structure did not allow hydrogen gas to pass through the 
membr ane . 



EXAMPLE 2 



This example illustrates the testing of the elects ■ 
apparatus shown in FIG. 3. The electrode apparatus was " 
constructed as previously described herein. 

The electrode apparatus shown in FIG. 3 was tested for 

The"!' 3 ?! 011 " ^ manneC " dSSCribed in Ex -°1* I- 

ane results were as follows: 
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Current Density (ma/cm 2 ) Polarization (mV) 



0.2 
2.0 
4.0 



32 
350 
670 



The apparatus 70 operated stably at 2.0 ma/cm 2 with 
the hydrogen supply shut off. By contrast, the electrode 
assembly 50 shown in FIG. 2 could maintain currents only 
briefly once the hydrogen supply was stopped, as 
previously discussed. 



EXAMPLE 3 



This example illustrates the testing of the third 
exemplary electrode apparatus of the present invention 
comprising Naf ion-soaked PTFE layers bonded together. The 
electrode apparatus was constructed as generally described 
herein to provide the sandwich structure previously noted. 

This electrode apparatus was tested for polarization 
in the same manner as described in Example l. The results 
were as follows: 



Current Density fma/rm 2 ) Polarization fmvi 

0.2 



5.0 
50.0 



5 
47 
377 



This assembly operated stably for 20 minutes with the 
hydrogen supply shut off. 



EXAMPLE 4 



This example illustrates testing of an alternative to 
the third exemplary electrode apparatus of the oreseht 
invention comprising a Naf ion-impregnated teflon composite. 
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1 This electrode was constructed as follows. Expanded 

teflon of l.o micrometer (0.0001 cm) nominal pore size was 
treated with Nafion to make a Naf ion-teflon composite 
which contained about 35% Nafion and 65% teflon. 
5 Permeability measurements showed that this composite 
passed gas at a rate of 0 . 1 cm 3 /sec. cm 2 psi 
where psi refers to a differential pressure of one pound 
per square inch. 

Electrodes were attached to the membrane comoosite as 
3 follows. Activated carbon, sold as Black Pearls 2000 bv 
Cabot Company of Boston, Massachusetts, was platinized and 
a slurry of the carbon was drawn into the external pores 
of the membrane composite by vacuum impregnation. This 
membrane composite had a thickness of approximately 15 



was 



mils (0 .375 mm) . 

A 2 cm electrode membrane composite combination 
mounted in a glass cell and exposed to 1 atmosphere of 
hydrogen at room temperature. The anode compartment was 
then filled with a 15 weight percent ammonia, 85 weight 
percent water solution. The cathode compartment was 
filled with a solution made up from 0.80 mole fraction 
boric acid and 0.20 mole fraction ethylene glycol. Th<s 
maxture forms an acid containing a borate-glycol ester 
anion by a condensation process involving elimination of 
water. The open circuit voltage of this cell was 
0.225 volts. The short circuit current at room 
. temperature was 2.0 ma/cm 2 . The current-voltage plot 
was linear over the entice range. 

In a separate test, electrodes were attached to the 
membrane composite by pressing against the membrane, fuel 
cell electrodes obtained from Prototech Company of Newton 
Highlands, Massachusetts, and having 0.5 mg/cm 2 platinum 
loading. Using the same cell fluids as noted above this 
system provided about 10 percent lower current at short 
circuit than the previous system using activated carbon 



WO 89/06055 



PCT/US88/02062 



24 



IZ£V?? * UOtiC acid - diet ^ 1 - i - "»M system „ as 
substituted for the borete-araaonia system, the short 
circuit current dropped to 0.55 ma/cm 2 . 



EXAMPLE 5 



This example illustrates the testing of the fourth 
exemplary electrode apparatus of the present invention 
comprising a porous Nafion separation membrane 

A 2l-mil (0.525 mm) thick porous Nafion membrane vas 
obtained from Solution Technology Inc. of «ehdenhall 
Pennsylvania. Fuel cell electrodes obtained from ' 
Prototech company of Newton Highlands. Massachusetts and 
identical with those used in Sample 4. were nressed 
against the membrane. The assembly was mount U in test 
equipment that circulated temperature-controlled acid a-d 
base fluids past the cathode and anode respective y The 
equipment also fed hydrogen or nitrogen gas to the edge of 
the anode The working fluids comprised acidic and basic 
m«ures of lactic acid and diethylamine . The acidic 

H m r o7w S r de ^ ^ 103 ml ° f ^"-ylsmine and 

of lactic M " ^ ° £ by " ei9ht ■»»«» -l«ti« 

sYm of 1 r , , Ihe basio miiauce was made U * * ***** 

lactic : c f l d : Sth " 1 — «- - of water to 103 mi of L 

At 60-c. the initial resistance of the 2.0 cm 2 
■ cell was 20 to 30 ohn,s. which was 3 to 5 times the valu= 
measured under comparable conditions with the thin 
Nafion-Tenon composite membrane used in ExampU 4. Eariy 
an the experiment, the short-circuit current was , 
Over a period of la hours, the short-circuit current 
gradually decayed At thls sta?e ™ 

vas the same whether nitrogen or hydrogen gas was f Z to 
the edge of the anode, coulombic data recorded 
3-hour run with the anode and cathode compartments and the 
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15 



gas edge feed under a blanket of nitrogen showed 
unequivocally that hydrogen consumed by the anode must 
have travelled through the pores in the Nafion membrane. 

Th ls test demonstrates the viability of a cell based 
on porous Nafion as the separator material. The thickness 

of the Z ' mem * rane ' "* PhySiCal 
of the electrodes prevented achievement of optimum cell 

performance. Approaches for reaching optimum performance 

onolud. fabrication of thinner porous Nafion mLranes a" 

the ^e of thinner electrodes, and better contact betwe^ 

the electrodes and the membranes. For examole, an 

itZHT. ! PP : ratUS C ° Uld be f — d as described in 
Example 4 by depositing catalyst particles within the 
surfaces of the membrane or as described earlier by 

soLTlTr ssion bonding and/or curin * with »■«•» 

sheet e L: / S * ^ * ,UCh b ° ndin *< thin «^-ed 
sheet electrodes can be bonded to the membrane or * 

the mel PaCtiCleS Within th9 6Xternal *>» "ructure o* 
the membrane can be bonded to the membrane structure. r t 
as antacxpated that with such optimization, cell 

":b~ n c :: parabie to those — - — ~ 

These results presented in Examples 2-5 indicate the 

ziiTrr of the eiectrode app — ° f *• p-L 

invention for providing for the transfer of both gas and 
aons ln an operating electrochemical cell. It is 
f ecog,i 2 ed that the current obtained was lower than is 
oesired for an operating system. However, significant 
.provements in current may readily be obtain!^ a > 

mel m 9 C ° ntaCt and/ ° r bondin * b ^ween the ' 

~: es co r site and the eiectr ° des; <°> ™ th 

: ~.rr;..T.rr« ■ r in the — - 1 <• 

-rane thinner,- ^Z^^^ . 
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composition and structure to accommodate liquid flow 
•Thus, when used in such an optimized system it is 
anticipated that the electrode apparatus of the oresent ■ 
xnvention can provide current at the levels retire f or 
practical application. ^ C 

Although the present invention has been described « n 
detail wxth regard to exemplary embodiments involving 
acad-base type thermoelectrochemical cells, it should be 
underst ood that the invention is not limited to use onlv 

^S;: °V 6llS - Rath6r the P««~t invention has 

w^ere It i TIT " 7 ^ ° f elec ^-cal cells 
where it is necessary to have combined transport of both 
gas and xons between the electrodes for oroper cell 
operation. Those skilled in the art will recognize tha^ 

ote:t:; r ::: ciosures are — - L t va ; us 

made wSn t adaPtati ° nS and Edifications may be 
made within the scope of the present invention. 

Acco^ngly, the present invention is not limited to the 
speexfic embodiments as illustrated herein, but < s onlv 
limited by the following claims 17 
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CLAIMS 

What is Claimed is : 

1. An electrode apparatus adapted for use in an 
electrochemical system having an anode compartment and a 
cathode compartment in which gas and ions are produced and 
consumed in said compartments during electrical current 
generation by said system, wherein said electrode 
apparatus comprises: 

a membrane for separating said anode compartment from 
said cathode compartment, said membrane having a cathode 
side and an anode side and comprising ion-permeable 
regions to provide transfer of ions between che cathode 
and anode sides of the membrane and gas-permeable regions 
to provide transfer of gases between the cathode and anode 
sides of the membrane; 

cathode means located in the cathode compartment on 
said cathode side of the membrane and in contact with said 
membrane for generating electric current; and 

anode means located in the anode compartment on said 
anode side of the membrane and in contact with said 
membrane for generating electric current wherein gas and 
ions generated at said cathode means and anode means 
migrate through said membrane to provide transfer of said 
gas and ions between said anode and cathode compartments. 

2. An electrode apparatus according to claim l 
wherein said anode means and said cathode means comprise 
hydrogen electrodes and said gas comprises hydrogen" 

3. An electrode apparatus according to claim 1 
wherein said ion-permeable regions are provided by 
ion-permeable materials selected from the group consisting 
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of cation exchange materials or membranes, anion exchange 
materials or membranes and microporous hydrophilic 
membranes . 

4. An electrode apparatus according to claim l 
wherein said gas-permeable regions are provided by a 
hydrophobic microporous membrane material. 

5. An electrode apparatus according to cla^m 4 
wherein said gas permeable material comprises hydroohobic 
microporous polypropylene or microporous polytetraf iuoro- 
ethylene . 

6. An electrode apparatus according to cla^m l 
wherein said membrane comprises an ion-permeable membrane 
having formed therein at selected locations gas-permeable 
regions . 

7. An electrode apparatus according to claim 6 
wherein said gas-permeable regions comprise openings <n" 
said ion-permeable membrane. 

8. An electrode apparatus according to cia^m i 
wherein said membrane comprises a gas- P ermeable membrane 
regions ^ * S6leCted lo «tions ion-permeable 

9. An electrode apparatus according to cla<m l 
wherein said membrane comprises gas-conducting fibers in 
the form of a felt, said felt having ion-conducting 
material in the spaces between said fibers to allow 
passage of ions therethrough. 

10. An electrode apparatus according to claim 9 
wherein said gas -conducting fibers are selected from the 
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group consisting of electronically non-conducting carbon, 
porous polytetrafluoroethylene, and porous polypropyl* 



Lene . 



11. An electrode apparatus according to claim 1 
wherein said membrane comprises a hydrophobic material in 
the form of a felt, mesh, paper, cloth or porous film 
having openings of relatively small and relatively large 
sizes to allow passage of gas through said openings of 
small size and passage of ions through said openings of 
large size. 

12. An electrode apparatus according to claim l 
wherein said cathode means comprises a layer of oorous 
electrode material on the cathode side of said membrane. 

13. An electrode apparatus according to claim l 
wherein said anode means comprises a laver of oorous 
electrode material on the anode side of said membrane. 

14. An electrode apparatus according to claim 12 
wherein said anode means comprises a layer of oorous 
electrode material on the anode side of said membrane. 

15. An electrode apparatus according to claim 12 
wherein said cathode means includes current collector 
means in contact with said porous electrode material re- 
collecting electrical current generated thereby. 

16. An electrode apparatus according to claim 13 
wherein said anode means includes current collector mears 
m contact with said porous electrode material re- 
collecting electrical current generated thereby. 

17. An electrode apparatus according to claim 14 
wherein said porous electrode material comprises a carbon- 
polytetrafluoroethylene mixture impregnated with platinum. 
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18. An electrode apparatus according to claim 14 
wherein said porous electrode material comprises 
polytetrafluoroethylene impregnated with platinum. 

19. An electrode apparatus according to claim 15 
wherein said current collector means comprises: 

an electrically conductive screen; and 
a layer of electronically conductive felt located 
between and in contact with said conductive screen and 
. said porous electrode material. 

20. An electrode apparatus according to claim 16 
wherein said current collector means comprises: 

an electrically conductive screen; and 

a layer of electronically conductive graohite felt 

located between and in contact with said conductive screen 

and said porous electrode material. 

21. An electrode apparatus according to claim l 
wherein: 

a) said membrane comprises electronically 
non-conductive carbon felt impregnated with a oolymer of 
polytetrafluoroethylene with fluorinated ether side chains 
terminated with sulfonic acid groups; and 

b) said anode means ar.d said cathode means each 
comprise : 

1) an electrode comprising a carbon-oolvtetra- 
fluoroethylene mixture impregnated with platinum; 

2) a layer of electronically conductive graohite 
felt contacting said electrode; and 

3) a layer of gold plated mesh screen contacting 
said electronically conductive graphite felt. 

22. An electrode apparatus according to claim 1 
wherein: 
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a) said membrane comprises hydrophobic microporous 
polypropylene including at selected locations regions of a 
polymer of polytetraf luoroethylene with fluorinated ether 
side chains terminated with sulfonic acid groups; and 

b) said anode means and said cathode means each 
comprise : 

1) an electrode comprising a oarbon-polytetra- 
fluoroethyiene mixture impregnated with platinum; and 

2) a layer of electronically conductive graphite 
felt contacting said electrode. 

23. An electrode apparatus according to claim 1 
wherein: 

a) said membrane is formed from two lasers of porous 
polytetrafluoroethylene each coated on a first side with a 
polymer of polytetrafluoroethylene with fluorinated ether 
side chains terminated with sulfonic acid groups, and 
bonded together on a second side opposite said first side; 

b. said anode means and said cathode means each 
comprise : 

1) an electrode comprising a carbon-poiytetra- 
fluoroethylene mixture impregnated with platinum; and 

2) a layer of electronically conductive graphite 
felt contacting said electrode. 

24. An electrode apparatus according to claim 1 

. wherein said membrane is bonded to said anode means and 
said cathode means . 

25. An electrode apparatus according to claim 1 
wherein said membrane comprises porous polytetrafluoro- 
ethylene impregnated with a polymer of oolytetraf luoro- 
ethylene with fluorinated ether side chains terminated 
with sulfonic acid groups. 
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26. An electrode apparatus according to claim 25 
wherein said anode means and said cathode means comorise a 

L a tt:: d sele r ed from the group consistin * °< 

activated carbon particles, platinum-impregnated teflon 
and platinum particles, located within and^onded 
external pores of said membrane. 

wher! 7 ' J V lectrode appa " tus according to claim l 
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An electrode apparatus according to claim i 
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